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ABSTRACT 
 
Experiments have been conducted in a vertical square channel to investigate wall 
nucleation characteristics and Critical Heat Flux (CHF) in subcooled boiling flows under 
subatmospheric pressure. Forced convection boiling is a widely used and effective means of heat 
transfer. An understanding of the mechanisms and limitations involved in forced convection 
boiling is important for the accurate prediction of the behavior of two phase systems under a wide 
range of conditions. The objective of this work is to provide a unique dataset to evaluate the 
scalability of existing models of nucleation characteristics and CHF for flow boiling conditions 
below atmospheric pressure as the performance of these models has not been investigated under 
these conditions. 
The experimental nucleation data are presented as a parametric study of the effects of 
important dimensionless groups on nucleation characteristics, specifically Boiling number, Jakob 
number, and density ratio. Bubble departure diameters and departure frequencies are measured via 
high-speed photography and compared to existing models. CHF data are presented as a parametric 
study of pressure from 20 kPa to 108 kPa, mass flux from 45 kg/m2s to 190 kg/m2s, and inlet 
subcooling from 0 to 10 K. Heat flux is gradually increased until an excursion of the wall 
temperature, signifying CHF, occurs.  
Several existing models that correlate departure characteristics with the relevant 
dimensionless groups enumerated above are found to accurately predict departure diameter and 
frequency. However, at the lowest pressure, departure diameters are of the same length scale as 
the channel so geometric effects may affect these departures. CHF is shown to vary directly with 
pressure but is only weakly affected by changes in mass flux and inlet subcooling for the observed 
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conditions. Models of the Boiling number at CHF that incorporate the density ratio and Weber 
number are found to predict the experimental results well. A new correlation for CHF is developed 
that incorporates the characteristic bubble diameter into the Weber number and is found to predict 
CHF with an average error of ±15.62%. 
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CHAPTER 1: INTRODUCTION 
This chapter discusses the importance of nucleate boiling as a heat transfer method and 
current applications for subatmospheric nucleate boiling research. An overview of the underlying 
mechanics and limitations of the phenomenon is given as well as an overview of previous research 
in the field and existing models. The objectives of this work are given in the final section. 
1.1 Problem Statement 
Boiling heat transfer is an effective heat transfer mechanism where high heat flux at 
relatively low surface temperatures is desired. The generation of vapor in a liquid coolant requires 
many times more energy per unit mass than does the raising of the liquid’s temperature, therefore 
a fluid that boils on contact with a heated surface will draw more heat away from the surface than 
a fluid that does not change phase. The vapor forms as a discrete bubble on the surface, expanding 
rapidly from a minute nucleation site until external forces cause it to depart the surface, at which 
point liquid is replenished at the surface. This nucleation cycle is repeated and is an effective means 
of convective heat transfer. Understanding the dynamics of vapor generation and departure is 
important for characterizing boiling heat transfer systems. Broadly, vapor generation on the heated 
surface is characterized by three parameters: the active nucleation site density, the bubble 
departure diameter, and the bubble departure frequency. The active nucleation site density is the 
concentration of nucleation sites on the heated surface; the departure diameter is the size of gas 
bubbles upon leaving the nucleation site; and bubble departure frequency is the rate at which the 
bubbles depart the surface. Understanding the dynamics of the gas phase boundary present in 
subcooled boiling flows is important for validating two-phase computational flow dynamics 
(CFD) simulations. Many CFD models require this understanding to predict the distribution of the 
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gas phase throughout the flow, which is a major limiting factor in current subcooled boiling 
simulation capabilities [1].  
However, as the rate of vapor generation at the surface increases, the vapor formation 
prevents liquid from re-wetting the heated surface and effectively insulates it from the more 
effectively conducting liquid. The Critical Heat Flux (CHF) is the heat flux at which this 
phenomenon occurs. Exceeding the CHF poses a serious operational risk to the system by reducing 
the heat transfer between the surface and the coolant which can cause the surface to rapidly 
increase in temperature and risks damage to system components. Due to the dangers of exceeding 
CHF, the accurate prediction of its value under different conditions is a major concern in two-
phase heat transfer. While considerable work has been done to characterize the behavior of CHF 
at atmospheric and elevated system pressure, relatively little research has been done to investigate 
CHF of boiling flows under subatmospheric system pressures. An understanding of CHF at 
subatmospheric pressure is critical for the safe operation of nucleate boiling heat transfer systems 
under these conditions. For instance, advances in electronics miniaturization and performance have 
created a need for compact thermal management systems with high heat flux at low temperatures. 
Lowering the system pressure, and hence the saturation temperature, would enable the use of 
nucleate boiling heat transfer with water, which is readily available, nonhazardous, and possesses 
a high latent heat of vaporization, for low-temperature applications. Additionally, benchmarking 
CHF models against water at subatmospheric pressures is a convenient method to extend the range 
of the models’ applicability to low density ratio fluids that may otherwise be difficult or expensive 
to study. 
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1.2 Existing Work 
 Many studies in the literature examine departure characteristics of subcooled wall 
nucleation. Early work, like that of by Fritz [2], examines pool boiling conditions and uses a force 
balance approach to formulate a model of bubble departure diameter. The model of departure 
diameter derived in this way predicts the diameter to be only a function of the Laplace length. 
Kocamustafaogullari and Ishii [3] later modifies this approach to include a dependence on pressure 
in the form of the dimensionless density ratio. Levy [4] also employs a force balance approach to 
model nucleation. This model accounts for surface tension, a frictional force from the wall shear 
stress, and a buoyancy force at low flow rates. In upward flows, the surface tension force acts to 
keep a bubble in contact with the boiling surface while buoyancy and friction act to remove the 
bubble. However, Klausner et al. [5] later demonstrates that buoyancy forces are significant even 
at high flow rates. Klausner et al. [5] also reports a normal distribution of departure diameters in 
subcooled boiling flows of the refrigerant R-113. Klausner et al. suggest that the variation in 
departure size is caused by fluctuation in liquid velocity and wall superheat and introduced an 
unsteady growth term to his model to hold the bubble to the wall. The model derived from this 
method predicts the nucleation characteristics well for the low heat flux and mass flux experiments 
using R-113.  
One of the earliest studies to employ high speed photography to examine bubble behavior 
was performed by Gunther [6]. The study investigates the effect that forced convection has on the 
bubble formation mechanism. Using a film camera capable of recording up to 20,000 frames per 
second, the size and number of bubbles present at different conditions is measured. As imaging 
techniques progressed, however, more studies were performed to characterize the nucleation 
dynamics in forced convection systems. Treshchev [7] describes a photographic study of vapor 
4 
 
formation under a range of pressures, heat fluxes and flow rates and studies the impacts of these 
parameters on the nucleation site density and the departure diameter. Departure diameter is found 
to decrease as pressure increases. Abdelmessih et al. [8] presents a similar study on nucleation 
characteristics over a range of flow velocities. The researchers report that the departing bubbles 
for a single condition vary in size. Unal [9] utilizes an energy balance approach to develop a model 
for departure characteristics in subcooled boiling flows that considers the input energy from a 
liquid film on the heated surface and energy output through convection to the bulk flow. This 
model is benchmarked with data collected at a wide range of positive gauge pressures. Unal [9] 
describes bubble departures recorded photographically with a high-speed camera and shows that 
bubble departure diameters are distributed approximately normally about the mean departure 
diameter.  
Thorncroft et al. [10] investigates bubble departures in vertical flows of FC-87 at low heat 
flux. The distribution of departure diameters is shown to resemble a Gaussian distribution although 
slightly skewed. In upward vertical flows under the conditions investigated, the main mode of 
bubble departure is by sliding downstream along the heated surface. The wait time, the time 
between the departure of one bubble and the growth of another, is correlated to the departure size 
of the previous bubble. Brooks et al. [11] describes a parameteric study of bubble diameter and 
frequency from a single nucleation site under a range of pressures, inlet subcoolings, heat fluxes, 
and mass fluxes in a vertically, internally heated annulus channel. A high-speed camera is used to 
capture the bubble departures. Departure diameter is found to depend strongly on liquid subcooling 
and wall heat flux at low pressure, while at high pressure the departure diameter is affected more 
by mass flux. The experimental data is compared with available models and the existing models 
of bubble departure diameter are determined to show significant inaccuracies compared to the 
5 
 
experimental data.  Martinez-Cuenca et al. [12] also analyzes the data recorded in Brooks et al. 
[11].  Martinez-Cuenca et al. [12] shows that the departure diameter distribution could be 
approximated as a log-normal distribution and provides three possible sources for the skew: 
intermittent low-frequency dormancy of the nucleation site, coalescence with bubbles passing the 
nucleation site from upstream, and temporary reduction of local wall superheat due to evaporation 
of passing bubbles. 
Prodanovic et al. [13] describes experimental data of the maximum bubble diameter taken 
over ranges of dimensionless groups. Using a high-speed camera to record bubble departures, 
bubble growth and departure at low pressures and mass fluxes are studied in an upward water flow. 
A new dimensionless correlation for bubble departure diameter is also proposed. The diameters 
are non-dimensionalized by liquid density, liquid thermal diffusivity, and surface tension and then 
correlated with the density ratio, the dimensionless temperature, the Boiling number, and Jakob 
number. Later, Brooks and Hibiki [14] uses an energy balance approach at the heated surface to 
derive the important dimensionless groups that affect bubble departure diameter. A new correlation 
based on these groups is also presented. This semi-empirical model demonstrates some effects of 
flow geometry on nucleation. 
Most models for departure frequency are based on an energy balance approach, although 
some employ a force balance or correlation method. Additionally, many studies in the literature 
describe the departure frequency by the bubble wait time, 𝑡𝑊, and the bubble growth time, 𝑡𝐺 , by, 
𝑓𝑑 =
1
𝑡𝑊+𝑡𝐺
,          (1) 
where the wait time is the time from the previous bubble departure from a nucleation site until the 
next bubble begins to form, and the growth time is the time from the intial appearance of the bubble 
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to departure from the nucleation site. An early attempt to model departure frequency in pool boiling 
is presented in Cole [15]. Based on experiments of conditions approaching Critical Heat Flux, a 
force balance relying on the opposing effects of drag and buoyancy is proposed. However, this 
model does not extend to vertical upward flow boiling as in this flow type, buoyancy and drag 
operate in the same direction. Podowski et al. [16] derives expressions for the growth time and 
wait time by considering heat flow from the heated surface and into the bulk flow. The wall 
temperature is assumed to fluctuate with time. The growth time is estimated by considering the 
local time-dependent heat flux from the wall is used entirely by the bubble. Ivey [17] correlates 
departure frequency with departure diameter and gravity, based on experiments performed in pool 
boiling conditions. Three separate correlations are developed for the three regimes: the 
hydrodynamic region where drag and buoyancy dominate, the transition region where surface 
tension is comparable to drag and buoyancy, and the thermodynamic region which is controlled 
by bubble growth.  
More recently, Basu et al. [18] models the departure frequency in subcooled upward boiling 
flows by partitioning the time between departures into growth time, the time from the appearance 
of a bubble until its departure from the nucleation site, and wait time, the time between the 
departure of a bubble and the appearance of the next bubble at the same site. An empirical model 
for the growth and wait times is developed based on photographic data of growth and wait times 
of departures from a single nucleation site. Bubble growth time is correlated with the Jakob number 
and departure diameter and wait time is expressed as being inversely proportional to the wall 
superheat. Data collected at atmospheric pressure is used to develop their correlations. Situ et al. 
[19] also describes flow boiling at atmospheric pressure in a vertical upward annular channel. A 
model for non-dimensionalized departure frequency is developed and found it to be correlated with 
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the nucleate boiling heat flux suggested by Chen [20], where the dimensionless departure 
frequency, 𝑓𝑑
∗, is given as, 
𝑓𝑑
∗ ≡
𝑓𝑑𝐷𝑑
2
𝛼𝑓
.      (2) 
Correlations developed for pool boiling are shown to not work well for forced convective 
subcooled boiling.  
A widely used approach to modeling the departure characteristics of wall nucleation is to 
employ dimensionless groups. The Basu et al. [18], Situ et al. [19], and Brooks and Hibiki [14] 
models all use the same approach to non-dimensionalize the departure frequency. By non-
dimensionalizing in this way, variations in physical properties can be accounted for to allow for 
comparisons across a range of conditions and fluids. Similarly, Fritz [2] non-dimensionalizes the 
departure diameter by the Laplace length, 𝐿𝑎, as the Laplace length describes the balance of surface 
tension and buoyancy forces. The dimensionless departure diameter is calculated as, 
𝐷𝑑
∗ =
𝐷𝑑
𝐿𝑎
; 𝐿𝑎 = √
𝜎
𝑔Δ𝜌
,      (3) 
where  𝜎, and 𝑔 are the surface tension, and the acceleration due to gravity, respectively. This 
method of non-dimensionalizing the departure diameter is also employed by Brooks and Hibiki 
[14]. Prodanovic et al. [13] however non-dimensionalizes the departure diameter with the density, 
thermal diffusivity, and surface tension of the fluid as, 
𝐷𝑑
∗ =
𝐷𝑑𝜎
𝜌𝑓𝛼𝑓
2.          (4) 
Carefully chosen dimensionless groups can provide physical insight into the relative 
importance of various forces governing nucleation while allowing the comparison of data taken 
under different conditions or with different fluids.  By parametrically varying these dimensionless 
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parameters instead of parameterizing by flow rate, inlet subcooling, or system pressure, the effects 
of each parameter on nucleation characteristics can be more easily isolated, studied, and compared 
to existing datasets that have been collected at different conditions. Such dimensionless groups 
used previously are density ratio, 𝜌∗, Boiling number, 𝐵𝑜, which is a ratio of the heat flux to the 
mass flux, wall Jakob number, 𝐽𝑎𝑤, which represents the ratio of sensible heat to latent heat, and 
dimensionless temperature, 𝑁𝑇, which is the ratio of inlet subcooling to wall superheat.  
Many studies have been conducted to improve the prediction of CHF under a wide range 
of conditions [21-32]. Some of the earliest work concerned pool boiling. Kutatelazde [21] presents 
a correlation for saturated pool boiling CHF based on volumetric flux away from the heated 
surface. Later, Zuber [22] examines the hydrodynamic characteristics of pool boiling on horizontal 
surfaces. This work determines the CHF to be limited by hydrodynamic instability only as the 
hydro-dynamic instability triggers the formation of a vapor film.  This model is developed 
analytically and serves as a foundation for many future models. Kandlikar [23] investigates pool 
boiling CHF on vertical and angled surfaces and finds the wettability of the surface, quantified by 
the bubble contact angle, to impact the CHF. The momentum flux resulting from evaporation at 
the bubble base is determined to be an important parameter for describing the hydrodynamic 
behavior leading to CHF. Contact angle is also found to meaningfully impact the CHF. Kandlikar 
[23] modifies the Zuber [22] model to incorporate the effects of wettability. Subsequent 
experiments, such as the work reported on in Penley and Wirtz [24], also benchmark this model 
with subatmospheric pool boiling data. Mirshak et al. [25] presents an early model for flow boiling 
based on the fluid velocity, subcooling, and pressure. This empirical model is dimensional so it is 
difficult to extrapolate its predictions to a wider range of conditions. Mishima and Nishihara [26] 
studies CHF in a variety of different flow geometries, specifically annuli, square channels, and 
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pipes. Under low-flow conditions, the CHF approaches the flooding limit due to countercurrents. 
El-Genk et al. [27], in a study of upward annular flows at atmospheric pressure, observes that CHF 
increases with increasing pressure, mass flux, and inlet subcooling for flow rates beyond the 
flooding limit, i.e. mass fluxes greater than 100-150 kg/m2-s. However, the effect of inlet 
subcooling on CHF is insignificant for short annuli or for flows with a mass fluxes below the 
flooding limit. Three correlations are developed, one for slug-churn flow, and another for churn-
annular flow and one for annular-annular mist flow. However, the type of CHF described by El-
Genk et al. [27] is high-quality CHF, or dryout, which behaves distinctly from the low-quality 
CHF. Chun et al. [28] also observed this phenomenon across a range of higher pressures.  
Mudawar and Maddox [29] investigates CHF in vertical FC-72 flows over a heated surface 
at atmospheric pressure and liquid velocities ranging from 0.2 to 4.1 m/s. The work demonstrates 
that, at low flow velocities, a continuous vapor layer formed above the heated surface, but that at 
higher velocities the vapor layer is thinner or fragmented. A weak correlation is found between the 
channel geometry and CHF. Lu et al. [30] describes CHF experiments on upward and downward 
flowing water at atmospheric pressure in a thin rectangular channel. From these data, a model for 
CHF is developed that correlates the CHF to the mass flux and the vapor density. The model non-
dimensionalizes the heat flux and mass flux using the Laplace length. For low flow rates, the 
temperature excursion that is indicative of CHF happens very slowly and is not immediately 
evident. It is also determined that, for the conditions studied, channel geometry has a small effect 
on CHF and, for high pressure cases, quality has a major influence on CHF. Katto and Kurata [31] 
describes upward vertical flow boiling at atmospheric pressure using water and R-113. In this 
work, the fluid is passed over a heated surface at high speeds (1.5-10 m/s) while the surface is 
submerged in a pool. Three different heated lengths were investigated: 5 mm, 10mm, and 20mm. 
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A model is developed that correlates the Boiling number at CHF with the density ratio and Weber 
number. In calculating the Weber number, the authors use the heated length as the characteristic 
length term. By using the density ratio in their calculation, the authors expand the applicability of 
their model to a range of fluids.  
Few studies found in the literature investigate boiling heat transfer at subatmospheric 
pressures. Many of these studies concern pool boiling conditions. Stewart and Cole [32] 
investigates the growth rate of bubbles in pool boiling at 4.9 kPa to determine the effect of high 
Jakob number conditions. Water is used as the boiling medium for all runs and a heated copper 
rod serves as the boiling surface. The departure radii and frequency are determined with high-
speed photography. The waiting time between departures is found to vary substantially from 1.7ms 
to 1640ms under these conditions and liquid inertia is a major factor restricting the growth rate of 
bubbles at subatmospheric pressure. Van Stralen et al. [33] describes a photographic study of pool 
boiling bubble growth rates at low pressures ranging from 2 to 26.7 kPa in water and aqueous 
mixtures containing 2-butanone. To avoid unwanted interactions of neighboring bubbles, single 
bubbles are generated on an artificial nucleation cavity of a depth of 100 micrometers. Departure 
time and departure radius are found to increase substantially with decreasing pressure. At the 
lowest pressures, large “Rayleigh” bubbles are observed and bubble behavior during advanced 
growth is determined to be governed by heat diffusion.   
Penley and Wirtz [24] describes flow boiling on a structured-porous surface of saturated, 
subatmospheric water. The pressure range of this study is 20 to 100 kPa, the subcooling range is 2 
to 35 K, and the Reynolds number range is 2000 to 20,000. The reduced pressure decreases the 
CHF compared to atmospheric pressure, and the CHF is strongly correlated to inlet subcooling and 
the area enhancement of the structured surface for the range of conditions investigated. Kalani and 
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Kandlikar [23] investigates enhanced pool boiling with ethanol at subatmospheric pressures to 
study its use for cooling electronics. A heated surface textured with microchannels, as well as an 
untextured heated surface, is submerged in ethanol within a vapor chamber and CHF tests are 
performed at system pressures of 16.7, 33, 67, and 108 kPa. As pressure is decreased, the boiling 
curve, the plot of wall superheat vs heat flux, shifts to the right due to the decreasing saturation 
temperature, but overall the surface temperature of the surface decreases with decreasing pressure. 
The effect of pressure is seen to agree with existing pool boiling models developed from data taken 
at above atmospheric pressure. The microchannels also increase CHF significantly. 
Kim et al. [34] studies the growth behavior of bubbles in subatmospheric pool boiling. This 
study examines the Jakob number dependence of bubble growth in water, methanol and N-Pentane 
at a pressure of 6.7 kPa. The bubble radius increases when pressure is lowered regardless of the 
fluid. The authors suggest that the bubble growth rate at subatmospheric pressure is higher than 
the rate at atmospheric pressure because the higher pressure potential across the interface creates 
more momentum based on the Rayleigh-Plesset equation. 
Chang et al. [35] describes boiling heat transfer in a two-phase loop thermosyphon under 
sub-atmospheric pressure. Subject to low pressure, a system initially at a low power level will 
transition through the following boiling structure sequences as power increases: intermittent 
Taylor bubble, intermittent churn flow, continuous churn flow, and continuous bubbly flow. This 
sequence is the opposite of the boiling structure evolution as pressure increases at positive gage 
pressures.  
One of the earliest subatmospheric flow boiling studies is presented by Stone [36] in 1971. 
Subcooled water boiling in an upward flow in a uniformly heated tube at low mass fluxes and 
pressures ranging from 24 to 690 kPa is studied to ascertain the behavior of low-density-ratio fluids 
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like alkali metals, which are being considered as possible coolant materials for space-based power 
cycles or high heat flux nozzle coolant. These applications lend themselves to the use of high-
temperature materials so that radiator power can be maximized. However, flow boiling tests with 
alkali metals are expensive and hazardous so low-pressure water is used instead due to its similar 
density ratio and ease of use. Because the dimensionless parameters are mutually independent and 
represent the ratio of some set of physical properties, using a dimensionless approach enables the 
study of the CHF dependence on the underlying physical processes without the need to replicate 
the exact physical conditions of the condition of interest. In this case, boiling alkali metal can be 
modeled by subatmospheric boiling water because the fluids have similar density ratios. Data is 
collected over a wide range of inlet subcoolings, mass fluxes, and heat fluxes. For a constant heat 
flux, low mass flux, and quality, the heat transfer coefficient increases as pressure increases, 
whereas the reference correlation used, Dengler and Addoms [37] and Chen [38], predicts the 
opposite trend. 
Hu et al. [39] describes flow boiling heat transfer in microchannels under subatmospheric 
pressure with the goal of improving high heat flux cooling methods for electronics, micro-chemical 
reactors, and other high-power-density applications. Although low pressure flows typically have 
lower CHF, the lower saturation temperature at reduced pressure permits the use of water as a 
coolant for temperature sensitive applications like electronics. The study examines pressures 
ranging from 34 to 113 kPa, mass fluxes of 19 to 468 kg/m2s, and heat fluxes from 0 to 230 kW/m2. 
Three distinct boiling regimes delineated by mass flux are identified. For low mass flux regime, 
encompassing flows less than 42 kg/m2s, the heat transfer coefficient is strongly dependent on heat 
flux, which indicates the dominance of nucleate boiling heat transfer. For moderate heat fluxes of 
below 262 kg/m2s, the heat transfer coefficient is modestly affected by both heat flux and mass 
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flux, which indicates a transition from nucleate boiling to convective boiling. For high mass fluxes, 
heat flux only negligibly impacts the heat transfer coefficient, indicating that convective boiling is 
the dominant heat transfer mechanism. Additionally, for a fixed mass flux of 42 kg/m2s, the heat 
transfer coefficient is found to decrease as pressure increases for subatmospheric pressures. This 
relation is also seen in studies of other refrigerants [40] at low pressures.  
Latsch et al. [41] presents a study of upward forced convection boiling in water at 
subatmospheric pressures, the effects of fouling on heat transfer rates, and the effects of dissolved 
gases on CHF. Vapor generation in the nucleate boiling regime is studied using both air-saturated 
and degassed water under pressures ranging from 25 kPa to 101 kPa. The Zuber [22] pool boiling 
model is found to accurately predict CHF at low mass flux while the Mirshak et al. [25] flow 
boiling model predicts CHF better at higher mass flux. The effects of non-condensables on the 
heat transfer coefficient are less pronounced at lower pressure because the capacity of water to 
absorb air decreases rapidly at subatmospheric pressures. Flow instabilities are encountered that 
lead to difficulties in setting up steady state flows at subatmospheric pressures, which the authors 
suggest are due to large steam volumes in the test section. Experimental measurements of departure 
size in saturated pool boiling are described in Cole and Shulman [42] for various liquids at 
subatmospheric pressures, specifically toluene at 6.4 kPa, acetone at 29.6 and 61.5 kPa, carbon 
tetrachloride at 18.9 kPa, n-pentane at 69.9 kPa, methanol from 17.9 kPa to 72.0 kPa, and water 
from 6.7kPa 48.0 kPa. The results indicate that Fritz’s correlation [2] applies only at atmospheric 
pressure. No current models of bubble departure diameter and frequency in flow boiling were 
found to have been developed using experimental data obtained at subatmospheric pressure.  
Khan et al. [43 ] investigates CHF in flow boiling heat transfer on downward-facing finned 
surfaces. The purpose of conducting this work at reduced pressure is to enable two phase 
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conditions at lower temperatures. The authors compare their CHF data to the model developed by 
Katto and Kurata [31] and find that the model overpredicts CHF. Downward facing surfaces tend 
to have low CHF because the vapor layer forms dues to buoyancy, but the finned surface 
nevertheless improves CHF by 61% compared to a bare surface. A new model of the same 
functional form is then developed. Kuo and Peles [44] describes CHF in 227 µm microchannels at 
a range of subatmospheric pressures (0.1 to 1 bar) and mass fluxes (86 to 303 kg/m2s). The purpose 
of this work is to investigate low-temperature heat transfer mechanisms for military and flight 
electronics. It is determined that CHF depends on mass flux under the test conditions and 
geometry. A model of Boiling number at CHF is developed. Based on the data collected, the 
Boiling number is determined to be constant. Hu et al. [45] describes similar subatmospheric flow 
boiling CHF experiments in microchannels and determines that the relationship between CHF and 
both pressure and mass flux is similar to the relationships observed at higher pressure. These 
studies conclude that CHF decreases as pressure decreases.  
Zhang et al. [46] investigates the transient behavior during CHF. Through high-speed 
photography of the surface and through heater temperature data, it is determined that interfacial 
liftoff occurs along the surface from the upstream side to the downstream side and that the rate at 
which the liftoff point traverses the surface increases as mass flux increases for the flow rates 
studied of 0.5 to 1.5 m/s. The heat transfer is directly related to the wetted area of the heated 
surface; therefore, the heat transfer coefficient drops more rapidly at higher mass fluxes. This 
increase causes the bulk temperature of the heater to rise faster as the heat input remains constant. 
Chang et al. [47] also investigates transient effects of CHF. A transient-CHF-regime map 
is proposed to differentiate the manner in which the CHF is affected by local conditions. Mass 
fluxes below 100 kg/m2s are in the pool boiling regime and the CHF mechanism is hydrodynamic 
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instability. The CHF mechanism at work for subcooled flows above 100 kg/m2s is bubble 
crowding. Transient-CHF correction factors are derived for each regime using the local 
microlayer-depletion factor developed by Serizawa [48]. 
1.3 Objectives 
In this work, the main objective is to study the mechanics and limitations of nucleate 
boiling at subatmospheric pressures. To accomplish this goal, parametric studies of departure 
diameter, departure frequency, and CHF across a range of system pressures, mass fluxes, and inlet 
subcoolings are performed for water under subatmospheric pressures. Bubble departure diameter 
and departure frequency are recorded with a high-speed camera and average values for each 
condition are calculated. These values are then compared to the values predicted by a selection of 
models found in the literature. To study CHF, the heat flux for each condition is gradually 
increased until CHF occurs and the relevant system parameters at CHF are recorded and compared 
to identify trends. Existing models from the literature of nucleation characteristics and CHF will 
then be evaluated to determine their scalability to flow boiling conditions below atmospheric 
pressure as the performance of these models has not been investigated under these conditions. 
Finally, a new dimensionless correlation for flow boiling CHF at subatmospheric pressure is 
developed to determine the important dimensionless groups under these conditions. 
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CHAPTER 2: EXPERIMENTAL APPROACH 
In this chapter, the experimental facility and instrumentation used in these experiments 
are described in detail. The ranges of inlet conditions to be observed, for both the nucleation and 
CHF tests, is given as well as the experimental procedure for collecting and analyzing the data.  
2.1 Overview of Facility 
Experimental data were collected in the High Heat Flux Channel, a closed-loop system 
with a square vertical test section, illustrated in Figure 1 and located in the Multiphase Thermo-
fluid Dynamics Laboratory (MTDL) at the University of Illinois at Urbana-Champaign.  
 
Fig. 1: High Heat Flux Channel layout for CHF testing 
 
Distilled water is driven through the system by a positive displacement pump. To maintain 
steady flow, a bypass is connected parallel to the pump. Following the pump outlet, water enters a 
5 kW preheater which raises the temperature of the water to the appropriate inlet condition. A PID 
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controller is used to control the preheater and maintain steady inlet conditions throughout each 
run. For low pressure cases, the maximum power of the preheater is limited to prevent vapor 
generation upstream of the test section. Water then enters the test section. The test section has a 
square cross section with dimensions 1.27 cm × 1.27 cm, and the heated surface is located 
approximately 32 hydraulic diameters downstream of the inlet. The heated surface is a solid copper 
plate polished with 1500 grit silicon carbide abrasive cloth to control the surface condition. The 
bubble contact angle for the surface is approximately 58.7 degrees and the standard mean 
roughness is 0.197 µm. The contact angle is determined by repeated Sessile drop experiments and 
the mean roughness is determined with an optical profiler.  The layout of the test section and heated 
surface are illustrated in Figure 2. The surface is heated by seven 750 W cartridge heaters inserted 
into a copper block normal to the heated surface, which is attached to the heated surface with bolts 
and covered in insulation to minimize heat loss. Power to the heaters is regulated by three 3-kW 
autotransformers.  
 
Fig. 2: Layout of test section (left) and schematic of the wall heater with thermocouple locations 
(right). 
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For the nucleation characteristics tests, a quartz window is fitted opposite the heated 
surface. For the CHF tests, all non-heated sides of the test section are stainless steel. Downstream 
from the test section, the water enters a condenser which cools the water and condenses any vapor 
present to ensure steady state operating conditions. The condenser consists of a brazed heat 
exchanger which uses cold tap water on the secondary side to cool the water in the test loop. After 
exiting the condenser, the water travels back down to the pump. 
System pressure is controlled with a vacuum pump connected to the gas space of the 
pressurizing tank. The pressurizing tank is connected between the condenser and the pump and is 
isolated from the main test loop by a long stainless steel tube with multiple vertical U-bends to 
prevent the incursion of non-condensable gases into the main test loop. The tank is partially filled 
with distilled water with the rest of the tank being filled with air. The tank also acts to dampen 
pressure oscillations.  
2.2 Instrumentation 
A pressure transducer located upstream of the test section is used to measure the system 
pressure. A turbine flow meter upstream of the preheater measures the flow rate with a precision 
of ±1.15%. T-type thermocouples measure the inlet and outlet temperature with an accuracy of 
±1.1°C which is reduced through time averaging at steady-state conditions. The pressure 
transducer, positioned at the downstream end of the test section, yields a precision of ±0.051% for 
the system pressure when time-averaged over two minutes at 100 Hz. K-type thermocouples 
inserted into the heater block provide heat flux and wall temperature data with accuracies of ±7.7 
kW/m2 and ±0.27°C when time-averaged over two minutes at 2 Hz. Using a linear regression, data 
from the thermocouples located at various depths within the heated surface provide a measurement 
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of temperature gradient. By incorporating the known physical properties of copper, the 
temperature gradient is used to estimate the heat flux.  
For the nucleation characteristics experiments, a Photron high-speed camera is used to 
record video data of bubble departures through a quartz window perpendicular to the heated 
surface. The camera is mounted on a two-axis traverse to enable proper focusing at different 
magnifications, necessary for the wide range of bubble departure sizes recorded at the different 
pressures. The camera recorded 10,000 frames per second for the high-pressure and medium-
pressure cases and 4,000 frames per second for the low-pressure cases, with a resolution of 384 × 
512 pixels for all conditions. The low departure frequency observed at low pressure enabled the 
use of a lower frame rate without missing departures for these conditions which allowed for longer 
videos and more departures to be recorded. The precision with which the departure times were 
measured was not significantly degraded by the reduced frame rate as the nucleation process at 
lower pressure was slower than at atmospheric pressure. Prior to the data collection, the camera 
magnification was calibrated by imaging a known length. The magnification was found to be 16.35 
µm/pixel for the setting used to capture the high- and medium-pressure data and 20.49 µm/pixel 
for the setting used to capture the low-pressure data. For the CHF tests, no camera was used. 
2.3 Procedures and Test Matrices 
2.3.1 Wall Nucleation 
The wall nucleation test matrix consists of three pressures (50 kPa, 75 kPa, and 108 kPa), 
three subcooled Jakob numbers (20, 30 and 40) and three Boiling numbers (4.5 × 10-4, 6.8 × 10-4, 
and 9.0 × 10-4). To set the values of the dimensionless parameters for each condition, the 
appropriate inlet subcooling, mass flux, and heat flux must be calculated. As there are more 
controllable parameters than dimensionless parameters, the heat flux is held constant for each set 
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of conditions of like pressure. To avoid both flow instabilities present at very low pump speeds 
and the risk of heater damage associated with CHF, the heat flux is set at a value that is 
approximately one third of the way between the Onset of Nucleate Boiling (ONB) point and CHF. 
This heat flux ensures that nucleate boiling will occur in the test section and enables the study of 
a wide range of Boiling numbers. Once the heat flux is selected, corresponding mass fluxes are 
calculated in the following manner: 
 𝐺 =
𝑞"
𝐵𝑜ℎ𝑓𝑔
 (5) 
where 𝐺 is the mass flux in kg/m2s. The inlet temperatures required to achieve the desired 
subcooled Jakob numbers are calculated as 
 𝑇𝑖𝑛 = 𝑇𝑠𝑎𝑡(𝑃) − Δ𝑇𝑠𝑢𝑏 = 𝑇𝑠𝑎𝑡(𝑃) −
𝐽𝑎𝑠𝑢𝑏ℎ𝑓𝑔
𝑐𝑝
. (6) 
Table 1 shows the desired dimensionless parameters and required inlet conditions and heat 
flux for each condition. Additionally, nucleation at 25 kPa was studied and described qualitatively. 
To collect the data, the main test loop is filled with distilled water which is degassed at 200 kPa 
before the data are collected.  
To reduce flow instability and temperature oscillations, inlet temperature changes between 
conditions are adjusted slowly. Therefore, once the pressure and inlet temperature are set, the three 
conditions which share those pressure and inlet temperature settings are recorded to minimize the 
number of required inlet temperature changes. Once these three conditions are recorded, the inlet 
temperature is reduced and the next Jakob number condition is set up. After collecting all nine 
conditions at a single pressure, the vacuum pump is activated and pressure is reduced to the next 
pressure condition. This procedure is reflected in the order of conditions shown in Table 1.  
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Table 1: Dimensionless parameters and inlet conditions of each condition studied 
Condition 
Pressure 
(kPa) 
Density 
Ratio 
(×10000) 
Boiling 
number 
(×10000) 
Jakob 
Number 
(×1000) Mass Flux  Tin (°C) 
Heat Flux 
(kW/m^2)  
1 108 6.63 6.75 20 213 91.6 325 
2 108 6.63 9.00 20 159 91.6 325 
3 108 6.63 11.25 20 133 91.6 325 
4 108 6.63 6.75 30 213 86.3 325 
5 108 6.63 9.00 30 159 86.3 325 
6 108 6.63 11.25 30 133 86.3 325 
7 108 6.63 6.75 40 213 80.6 325 
8 108 6.63 9.00 40 159 80.6 325 
9 108 6.63 11.25 40 133 80.6 325 
10 75 4.68 6.75 20 144 80.9 225 
11 75 4.68 9.00 20 110 80.9 225 
12 75 4.68 11.25 20 83.6 80.9 215 
13 75 4.68 6.75 30 144 75.5 225 
14 75 4.68 9.00 30 110 75.5 225 
15 75 4.68 11.25 30 83.6 75.5 215 
16 75 4.68 6.75 40 144 70.1 225 
17 75 4.68 9.00 40 110 70.1 225 
18 75 4.68 11.25 40 76.0 70.1 200 
19 50 3.18 6.75 20 114 70.3 180 
20 50 3.18 9.00 20 87.4 70.3 180 
21 50 3.18 11.25 20 68.4 70.3 180 
22 50 3.18 6.75 30 114 64.8 180 
23 50 3.18 9.00 30 87.4 64.8 180 
24 50 3.18 11.25 30 68.4 64.8 180 
25 50 3.18 6.75 40 114 59.4 180 
26 50 3.18 9.00 40 87.4 59.4 180 
27 50 3.18 11.25 40 68.4 59.4 180 
 
Once steady state conditions are reached, high-speed video is captured and pressure, temperature, 
and flow rate data are collected for two minutes and time averaged. The videos are converted TIF 
files and imported into MATLAB. The image files are inspected manually to detect departures at 
the nucleation site. Once the bubble has ceased covering the nucleation site from which it formed 
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and has either departed the surface, been absorbed by a larger neighboring bubble, or slid 
downstream while still attached to the surface, a departure is considered to have occurred. On the 
frame that a departure is observed, the diameter of the bubble is measured by selecting two points 
on opposing sides of the bubble and measuring the length, in pixels, of the line segment connecting 
those two points. By multiplying this value by the known magnification of the camera, the diameter 
in millimeters is obtained and stored in an array along with the frame number on which the bubble 
departed. Once 100 departures have been observed or the entire video has been analyzed, average 
statistics for the departure diameter and frequency can be obtained. Frequency is obtained by 
dividing the number of bubbles recorded by the total time between the first and last bubble as 
determined by the frame number and frame rate.  
2.3.2 Critical Heat Flux 
The test matrix for the CHF experiments consists of three pressures (20 kPa, 40 kPa, and 
108 kPa), three mass fluxes (45 kg/m2-s, 90 kg/m2-s, and 190 kg/m2-s), and three inlet subcoolings 
(0 K, 5 K, and 10 K). Lower pressures are achievable for the CHF testing than for the nucleation 
characteristic testing because the dynamics of bubble formation, which at 20 kPa are affected by 
the channel geometry due to the large characteristic length scale of the bubbles at that pressure, do 
not prevent accurate CHF measurement. Therefore, a maximal range of subatmospheric pressures 
is desired to gain a more detailed understanding of CHF at these pressures. Through preliminary 
pressure testing, 20 kPa is the lowest pressure reliably obtainable in the High Heat Flux Channel. 
In addition to concerns over condensable gas entry at low pressures, the condenser also becomes 
less effective at these pressures because the temperature difference between the primary flow and 
secondly flow decreases due to the lower saturation temperature of the primary flow. Fully-
condensed flow into the pump is required both for steady state operation and the longevity of the 
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Table 2: Inlet conditions for each CHF test 
Condition Pressure (kPa) Tin (°C) Mass Flux 
1 108 101.8 44.9 
2 108 101.8 93.6 
3 108 101.8 187 
4 108 96.8 44.9 
5 108 96.8 93.6 
6 108 96.8 187 
7 108 91.8 44.9 
8 108 91.8 93.6 
9 108 91.8 187 
10 40 75.9 45.7 
11 40 75.9 95.3 
12 40 75.9 191 
13 40 70.9 45.7 
14 40 70.9 95.3 
15 40 70.9 191 
16 40 65.9 45.7 
17 40 65.9 95.3 
18 40 65.9 191 
19 20 60.1 46.1 
20 20 60.1 96.1 
21 20 60.1 192 
22 20 55.1 46.1 
23 20 55.1 96.1 
24 20 55.1 192 
25 20 50.1 46.1 
26 20 50.1 96.1 
27 20 50.1 192 
 
pump, therefore the reduced condenser heat flux at low pressure is a limiting factor for steady low-
pressure flow boiling. The maximum mass flux is limited by the condenser heat flux limitations at 
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low pressure mentioned previously and minimally limited by flow instability. Table 2 contains the 
full test matrix for the CHF testing.  
For each condition, once steady state flow at the correct conditions is achieved, power is 
applied to the heaters embedded in the heater block to impose a heat flux on the heated surface. 
The heat flux is increased in a stepwise manner until CHF is reached. Figure 3(a) shows a typical 
heater voltage input during a CHF test.   Figure 3(b) shows the wall superheat throughout the same 
CHF test. After each voltage increase, the wall superheat rises initially and then nearly reaches a 
steady state before the voltage is increased further. By proceeding in this manner, transient effects 
prior to CHF are avoided. The system is considered to have reached CHF when a sudden increase 
in the wall temperature is detected, at which point the heaters are shut off to avoid damaging the 
heater block. In Figure 3(b) for example, CHF occurs at approximately t=175 min.  
 
  (a)              (b) 
Fig 3: Sample (a) heater voltage input and (b) wall superheat profile during a CHF test. This data 
was taken at P=100 kPa, G=90 kg/m2s, ΔTsub=5 K. 
 
Upon reaching CHF, the cartridge heaters and preheater are shut off, the primary pump 
speed is increased, and the secondary flow into the condenser is increased to ensure that the heater 
block is cooled sufficiently to prevent thermal damage. Once the wall temperature has decreased 
sufficiently, the preheater is again turned on and the next condition is set up. 
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Time series of the heat flux, wall superheat, pressure, inlet subcooling, and mass flux 
values were recorded using LABVIEW throughout the run. The precise time of CHF was 
determined visually from the wall superheat time series by locating the initiation of the temperature 
excursion.  The values of mass flux, inlet subcooling, and pressure at CHF were then obtained 
from the values of the time series of those parameters at the time of CHF. 
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CHAPTER 3: EXPERIMENTAL RESULTS AND DISCUSSION 
 This chapter discusses the experimental results of the nucleation characteristics and CHF 
tests. General features of subcooled boiling at subatmospheric pressures that were observed in the 
data are summarized. The distributions and trends of the departure diameter and departure 
frequency are given. Finally, the boiling curves and trends in CHF vs the pressure, mass flux, and 
subcooling are presented along with a discussion of wall superheat excursion rates at CHF. 
3.1 General Features of Subatmospheric Boiling 
Extra care was required to prevent flow instabilities at 25 kPa and 50 kPa during the 
nucleation characteristics experiments. Several factors were observed to impact stability at these 
low pressures including other systems conditions such as low flow rate, high heat flux, and low 
inlet subcooling. Increasing the inlet pressure loss with the globe valve helped stabilize the 
conditions but limited the range of achievable flowrate. Only stable conditions were considered in 
the current database. Similar flow instabilities were encountered during 20 kPa CHF testing near 
saturation. Large, square oscillations in the flow meter data were observed and were interpreted as 
slug bubbles traversing the flow meter due to the flow meter’s inability to measure vapor velocity. 
The condenser operates less effectively at these pressures because the temperature difference 
between the primary flow and secondly flow was lower which allowed vapor to remain 
uncondensed as it circulated through the loop. A similar occurrence is noted in Latsch et al. [41]. 
The instabilities complicated setting up the low pressure steady state conditions, but all data 
presented herein were recorded during steady state operation, when no large voids persisted in the 
flow. This instability precluded the collection of CHF data of saturated flows at 20 kPa. Therefore, 
CHF data were collected over a subcooling range of 4 to 14 K at 20 kPa.   
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Figure 4 shows typical bubble nucleation images near departure for each system pressure 
investigated. The increase in departure diameter as pressure decreases is clearly visible and 
pressure remains a dominant influence on departure size under subatmospheric pressure. 
Additionally, in Figure 4 (a), the three-phase contact perimeter (or dry patch) of the bubble and 
the heated surface can be seen clearly. At 25 kPa, many of these large voids extend well into the 
flow field before departing the wall. Also, the bubble sizes were sufficiently large to result in 
interaction between bubbles originating from neighboring nucleation sites.  This interaction often 
caused bubbles to depart the heated surface at a smaller size than bubbles observed to depart in 
isolation under the same conditions.     
 
Fig. 4: Representative bubble departure at system pressure of (a) 25 kPa, (b) 50 kPa, (c) 75 kPa, 
and (d) 108 kPa. The field of view is 10.24×7.88 mm for (a) and (b) and 8.19×6.14 mm for (c) 
and (d). A 1mm scale is shown for each image. 
 
Average departure characteristics were not recorded for the 25 kPa conditions because the 
low departure frequency, on the order of 1 Hz, precluded the measurement of a reasonable sample 
size of departures. Furthermore, many departing bubbles were of the scale similar to the 
dimensions of the channel and so geometric effects not seen by the other pressures should be 
considered and are left for a future study.  
    
           (a)                                (b)        (c)                                        (d) 
1mm 1mm 1mm 1mm 
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At high subcooled Jakob numbers, low Boiling numbers, and pressures of 25 kPa and 50 
kPa, bubbles were often observed to remain in contact with the nucleation site for hundreds of 
milliseconds after formation, and departure was usually caused by interaction with anther bubble.  
Under these conditions, bubbles were occasionally observed to depart by sliding downstream along 
the heated surface instead of departing the surface from the nucleation site. Within the range of 
conditions considered in this study, the increasing surface tension as saturation temperature 
decreases with decreasing pressure has a significant impact on the bubble nucleation and departure 
characteristics. 
3.2 Wall Nucleation in Subcooled Boiling 
3.2.1 Bubble Departure Diameter 
The probability density functions (PDF) of normalized bubble departure diameters were 
constructed to demonstrate the distribution of departure sizes at each system pressure. Martinez-
Cuenca et al. [12] showed that for a given pressure, the bubble departure distributions for different 
conditions share a common distribution when normalized by the condition’s mean departure size. 
The normalized departure diameter distribution for the 50 kPa, 75 kPa, and 108 kPa system 
pressures are shown in Figure 5. The distributions suggest that normalized departure diameters 
become increasingly positive-skewed as pressure decreases. This effect of system pressure was 
also observed by Ooi et al. [49] at higher pressures than those described here. The overabundance 
of small departing bubbles at low system pressures may be a result of the larger mean diameter 
bubbles causing an increase in the interaction of neighboring nucleation sites.  This interaction 
increases the number of bubbles that depart due to bubble coalescence before reaching the size 
required for buoyancy and lift to overcome surface tension. 
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The distribution of number mean diameters can have a significant impact on derived 
quantities requiring the departure diameter such as bubble surface area and bubble volume. The 
variance in departure diameter was investigated by comparing the number mean departure 
diameter, 𝐷𝑑
𝑁, to the surface mean departure diameter, 𝐷𝑑
𝑆, and volume mean departure diameter, 
𝐷𝑑
𝑉, at each condition. These forms of average departure diameter are calculated as, 
𝐷𝑑
𝑁 =
∑ 𝐷𝑑,𝑖
𝑚
𝑖=1
𝑚
;  𝐷𝑑
𝑆 = √
∑ 𝐷𝑑,𝑖
2𝑚
𝑖=1
𝑚
;  𝐷𝑑
𝑉 = √
∑ 𝐷𝑑,𝑖
3𝑚
𝑖=1
𝑚
3
.           (7) 
 
Fig. 5: Normalized departure diameter distribution at 50 kPa, 75 kPa, and 108 kPa. 
  
where m is the number of measured departure diameters for a given condition. These values equate 
only for datasets with small standard deviations. Therefore, for conditions under which the 
departure diameters are widely distributed, the number mean diameter measurement may lead to 
an overprediction when area or volumetric statistics are required, for instance in the wall nucleation 
source term and wall nucleation volume source term of the IATE [50]. It is inconvenient to model 
these averages separately, and therefore, Brooks and Hibiki [20] correlated the distribution factors 
𝐶𝑆 and 𝐶𝑉, defined as, 
𝐷𝑑
𝑆 = 𝐶𝑆𝐷𝑑
𝑁;  𝐷𝑑
𝑉 = 𝐶𝑉𝐷𝑑
𝑉.      (8) 
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based on experimental data. Ooi et al. [49] also investigated these factors with data that considered 
a wider range of pressure and found that while the factors proposed by Brooks and Hibiki [50] 
worked well, there could be a dependence of pressure. To calculate the values of these constants, 
the surface mean diameter (Figure 6(a)) and the volume mean diameter (Figure 6(b)) for each 
condition are plotted against the number mean diameter, and the slope of the line of best fit for 
each dataset was obtained. When considering all conditions together, the values of 𝐶𝑆 and 𝐶𝑉 are 
1.075 and 1.136, respectively, slightly larger than the 1.061 and 1.125 respectively reported by 
Brooks and Hibiki [50].   
 
(a)               (b) 
Fig. 6: Comparison of (a) surface mean departure diameter and (c) volume mean 
departure diameter with number mean departure diameter. 
 
The impact of pressure is often captured in scaling of two-phase phenomena through the 
density ratio, defined here as the ratio of vapor to liquid densities. The twenty-seven conditions 
are plotted in Figure 7. The data are grouped into nine sets of like Jakob numbers and Boiling 
numbers so that the change in dimensionless departure diameter resulting only from varying the 
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density ratio is shown. The dimensionless departure diameter has a distinct inverse dependence on 
density ratio, with the average trend approximately, 
𝐷𝑑
∗ ∝ 𝜌∗−0.87.                        (9) 
and relatively consistent across the range of Jakob and Boiling numbers. This relationship is 
similar to that found in data collected at higher system pressures, such as those by Brooks and 
Hibiki [50] which propose a dependence of density ratio to the -0.78 power.  
 
Fig. 7: Dimensionless departure diameter dependence on the density ratio. 
 
3.2.2 Bubble Departure Frequency 
The departure frequency values for each condition are obtained by dividing the number of 
departures by the total measurement time. However, in many of the conditions at low pressure, the 
bubbles grow to a size much smaller than the eventual departure size and remain on the nucleation 
site for a long time, often many times longer than the growth time up to that point, before 
eventually growing further and departing. Additionally, the increased incidence of nucleation site 
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interaction at low pressures caused a sequence of bubbles to rapidly form and depart as they 
contacted larger nearby bubbles. These effects contributed to a high degree of variance in the 
departure times under low pressure, as can be seen in Figure 8, a comparison of plots of bubble 
 
(a) 
 
(b)          (c) 
Fig. 8: Time sequence of bubble departure for (a) 50 kPa, (b) 75 kPa, and (c) 108 kPa system 
pressure. 
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departures versus time, separated by pressure. Notably, the moderate- and high-pressure cases are 
generally more linear while the low-pressure cases display more varied departure delays. For all 
pressures, occasional periods of inactivity of the departure site being studied occur and can be seen 
as sudden rightward deviations in the datasets. The figures also illustrate the direct dependence 
that system pressure has on departure frequency; that bubbles depart much more frequently at 
atmospheric pressure than at low pressure for a given Boiling number and Jakob number.  
This relationship can be seen more clearly in Figure 9(a), a plot of departure frequency 
versus density ratio on a logirithmic scale, and Figure 9(b), a plot of dimensionless departure 
frequency, 𝑓𝑑
∗, versus density ratio on a logarithmic scale. The data are presented in the same 
manner as Figure 7. The fact that the dimensionless frequency, which is non-dimensionlized by 
the departure diameter, is relatively weakly dependent on pressure while the frequency is more 
strongly dependent on pressure indicates that the pressure dependence of the frequency comes 
through the diameter. Physically, this relationship derives from the fact that smaller bubbles take  
 
(a)        (b) 
Fig. 9: (a) Departure frequency and (b) dimensionless departure frequency  dependence on 
density ratio. 
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less time to grow to their full extent before departing. 
This finding is incongruous with the findings of Brooks and Hibiki [50], which suggested 
a negative correlation between density ratio and dimensionless departure frequency. The departure 
frequencies at low pressure, particularly for the most subcooled conditions, were quite low, around 
10 Hz, while the frequencies recorded for the atmospheric conditions are similar to those reported 
in the literature [14,18] for similar conditions. 
3.3 Flow Boiling Curves and CHF 
Figure 10 shows the boiling curves, plots of heat flux against wall superheat, for each of 
the conditions in the test matrix, grouped by mass flux and inlet subcooling so that the effect of 
pressure on CHF can be seen. For each dataset, the CHF point is indicated with a horizontal arrow 
and occurs at the point of maximum superheat and heat flux before the excursion begins. The 
upward inflection of the boiling curves occurring around 10 K superheat indicates the ONB. The 
boiling curves tend to shift upwards as pressure increases, indicating that, across the range of inlet 
subcoolings and mass fluxes investigated, higher system pressure results in a higher CHF.  The 
curves also shift to the left at higher pressures, indicating that the heat transfer coefficient is higher 
at higher pressures. Some of the boiling curves do not extend entirely to a wall superheat of 0 
degrees because the wall did not cool down sufficiently between runs. The wall superheat at which 
CHF occurs, particularly for the 20 kPa cases, varies considerably for each condition and it is 
unclear from the data shown in Figure 10 if a trend between pressure and wall superheat at CHF 
exists. The low slopes of these boiling curves, indicating a large rise in wall superheat for a small 
rise in heat flux, suggest that CHF may already have occurred earlier in the dataset, or that CHF at 
this pressure is a gradual phenomenon. Regardless, as the heat flux does not change considerably 
over this low-slope period, the measured values of CHF are not significantly affected. 
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Fig. 10: Selected boiling curves and CHF excursions grouped by inlet subcooling and mass flux. 
 
Figure 11 combines the CHF values from each boiling curve to analyze the trend in the 
heat flux across the range of each system parameter. The three subfigures illustrate the variation 
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in CHF with each of the three system parameters: pressure, inlet subcooling, and mass flux. In 
each subfigure, the different lines, differentiated by color and marker shape, represent each unique 
combination of the two system parameters not under investigation in that subfigure. In Figure 
11(a), the variation of CHF as pressure increases is demonstrated by grouping the data so that each 
combination of mass flux and inlet subcooling is separate. In this way, the only parameter changing 
within the datasets on each line is pressure and the effect of pressure on CHF can be observed. 
Across the entire range of parameters, CHF is shown to increase with increasing pressure. Inlet 
subcooling and mass flux are also shown to have a slight positive relation with CHF in Figure 
11(b) and Figure 11(c) respectively. These positive trends are found throughout the literature for 
flow boiling at atmospheric- and elevated-pressure flow boiling [25,30]. 
 
 
(a)            (b) 
 
(c)        
Fig. 11: Critical Heat Flux values versus system parameters, (a) pressure, (b) inlet subcooling, 
and (c) mass flux. 
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However, the magnitude of the influence each parameter has on CHF differs from existing 
studies of flow boiling CHF at higher pressures. For instance, Bottini et al. [51] conducted similar 
experiments at pressures ranging from 100 kPa to 325 kPa and found that CHF increased more 
gradually with pressure than what was observed in the current work but increased more sharply 
with increasing inlet subcooling and increasing mass flux. 
The rate at which the temperature excursions occurred varies with pressure. Figure 12 
compares plots of wall superheat vs time for a low-pressure condition and a high-pressure 
condition. Both conditions shown had an inlet subcooling of 5 degrees K and a mass flux of 90 
kg/m2 s. The approximate CHF point is shown in red. It is apparent that the increase in the slope 
of the superheat is more abrupt for the high-pressure case, shown in Figure 12(d), than the low-
pressure case, shown in Figure 12(c). This relationship between pressure and the characteristic 
time of the CHF transient reflects the findings of Serizawa [48], which describes a microlayer-
depletion model for CHF transients in the low-mass-flux regime. According to this model, the 
characteristic time of the transient is inversely proportional to the steady state heat flux at CHF. 
Since CHF and pressure are shown to vary directly in Figure 11(a), the decreased CHF at lower 
pressures may explain the relatively slower temperature excursions seen in those conditions. 
The excursion rate is also observed to decrease as mass flux decreases for some cases. The 
slow excursions in the low mass flux conditions reflect the finding of Zhang et al. [46] which 
examines the transient behavior during CHF. When the heat flux reaches CHF, interfacial liftoff 
occurs along the heated surface from the upstream side to the downstream side at a rate 
proportional to the mass flux. The heat transfer is directly related to the wetted area of the heated 
surface; therefore, the heat transfer coefficient drops more rapidly at higher mass fluxes and the 
temperature to subsequently rise more rapidly. 
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(a)         (b) 
 
(c)         (d) 
Fig. 12: Heater voltage profile during a CHF test for a (a) low-pressure case and (b) high-
pressure case. Wall superheat profiles and CHF approximation for the same (c) low-pressure and 
(d) high-pressure case. 
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CHAPTER 4: MODEL BENCHMARK 
This chapter compares existing models for departure diameter, departure frequency, and 
CHF found in the literature to the data collected and presented in Chapter 3. The models are given 
in tables and the predicted results are plotted against the measured results for each condition to 
asses the fit. A new model is also proposed to predict CHF using dimensionless groups. 
4.1 Wall Nucleation 
 4.1.1 Bubble Departure Diameter 
Several bubble departure diameter models are benchmarked against the departure data 
obtained in this study. A selection of diameter models from the literature is given in Table 3, and 
the results of the model comparisons are shown in Figure 13.  
Table 3: Selection of Departure Diameter Models. 
Authors Models 
Fritz [2] 𝐷𝑑 = 0.022𝐶𝐴 ∗ 𝐿𝑎 
Unal [9] 𝐷𝑑 = 2.4 ∗ 10
−5𝑃0.709
𝑎
√𝑏
 
𝑎 =
Δ𝑇𝑠𝑎𝑡𝑘𝑓𝛾
2𝜌𝑔ℎ𝑓𝑔√𝛼𝜋
;  𝑏 =
Δ𝑇𝑠𝑢𝑏
2 ∗ (1 − 𝜌∗)
; 𝛾 = √
𝑘𝑊𝜌𝑊𝑐𝑝.𝑊
𝑘𝑓𝜌𝑓𝑐𝑝,𝑓
 
Prodanovic et al. [13] 𝐷𝑑
∗ = 236.75𝐽𝑎𝑊
−0.58 𝑁𝑇
−0.88𝜌∗−1.772𝐵𝑜0.14 
𝐷𝑑
∗ =
𝐷𝑑𝜌𝑓𝛼𝑓
2
𝜎
; 𝐽𝑎𝑊 =
𝑐𝑝,𝑓Δ𝑇𝑊
𝜌∗ℎ𝑓𝑔
;  𝜌∗ =
𝜌𝑔
𝜌𝑓
; 𝐵𝑜 =
𝑞"
𝐺ℎ𝑓𝑔
 
Brooks and Hibiki [14] 𝐷𝑑
∗ = 0.00211𝐽𝑎𝑇
−0.49𝜌∗−0.78 ∗ 𝐵𝑜0.44𝑃𝑟𝑠𝑎𝑡
1.72 
𝐷𝑑
∗ =
𝐷𝑑
𝐿𝑎
; 𝐽𝑎𝑇 =
𝑐𝑝,𝑓(𝑇𝑊 − 𝑇𝑓)
ℎ𝑓𝑔
; 𝑃𝑟 =
𝑐𝑝,𝑓𝜇𝑓
𝑘𝑓
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Of the models shown in Figure 13, those by Brooks and Hibiki [14] and Prodanovic et al. 
[13] most effectively capture the behavior of the data. The model by Fritz [2] overpredicts the 
departure diameter in all cases and shows no dependence on density ratio. The model by Unal [9] 
also overpredicts the departure diameter but seems to capture the pressure dependence of the data 
well. The mean errors of each model at each pressure studied are given in Table 4. 
 
(a)       (b) 
 
(c)       (d) 
Fig. 13: Evaluation of departure diameter models with experimental data for (a) Brooks and 
Hibiki (2015), (b) Prodanovic et al. (2002), (c) Fritz (1935), and (d) Unal (1976). 
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Both the Brooks and Hibiki [14] and Prodanovic et al. [13] models overpredict slightly the 
departure diameters of the lowest-pressure cases. This is likely related to the aforementioned 
positive skew of the departure diameter distribution obtained in this study. It is possible that the 
increased interaction between nucleation sites caused a disproportionate number of bubbles of a 
very small size to depart compared to what might be expected from an isolated nucleation site. 
Overall these models accurately predict the departure diameter at these pressures across the range 
of conditions investigated.  
Table 4: Root-Mean-Square Errors of Selected Departure Diameter Models 
Departure diameter model comparisons 
 50 kPa 75 kPa 108 kPa Total 
Brooks and Hibiki [14] 24% 6% 1% 11% 
Kocamustafaogullari [3] 797% 740% 601% 713% 
Prodanovic et al. [13] 30% 5% 5% 13% 
Harada et al. [52] 13% 48% 108% 56% 
Fritz [2] 172% 456% 824% 484% 
Unal [9] 74% 197% 772% 348% 
 
4.1.2 Bubble Departure Frequency 
Several departure frequency models found in the literature are benchmarked against the 
departure data obtained in this study. The frequency models are listed in Table 5, and the results 
of the frequency model comparisons are shown in Figure 14. Basu et al. [18] models wait time as 
strongly dependent on wall superheat and growth time as a function of both the subcooled and wall 
Jakob numbers. The data used to develop this model were all taken at conditions close to those 
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studied in this work. The Basu et al. model predicts departure frequency within 50% for most cases 
and performs the best of all the models at the lowest-pressure condition. The satisfactory 
performance of the Basu et al. model suggests that modeling considering growth and wait time 
separately is promising and may be improved by incorporating dormancy. The mean errors of each 
model at each pressure studied are given in Table 6. 
Table 5: Selection of Departure Frequency Models 
Authors Models 
Basu et al. [18] 𝑓𝑑 =
1
𝑡𝑊+𝑡𝐺
, 𝑡𝑊 = 139.1 ∗ Δ𝑇𝑤
−4.1, 
𝑡𝐺
∗ = (45𝐽𝑎𝑊 ∗ 𝑒
−0.02𝐽𝑎𝑠𝑢𝑏)−1 
𝑡𝑔
∗ =
𝑡𝑔𝛼𝑓
𝐷𝑑
2 ;  𝐽𝑎𝑊 =
𝑐𝑝,𝑓Δ𝑇𝑊
𝜌∗ℎ𝑓𝑔
;  𝐽𝑎𝑠𝑢𝑏 =
𝑐𝑝,𝑓Δ𝑇𝑠𝑢𝑏
𝜌∗ℎ𝑓𝑔
 
Yang et al. [53] 𝑓𝑑 = 0.032 ∗ Δ𝑇𝑤
3.08 
Brooks and Hibiki [14] 𝑓𝑑
∗ = 5.5𝐽𝑎𝑤
0.82𝑁_𝑇−1.46𝜌∗−0.93𝑃𝑟𝑠𝑎𝑡
2.36 
𝐽𝑎𝑊 =
𝑐𝑝,𝑓Δ𝑇𝑊
ℎ𝑓𝑔
; 𝑁𝑇 =
𝑇𝑊 − 𝑇𝑓
Δ𝑇𝑊
 
Situ et al. [19] 
𝑓𝑑
∗ = 10.7 ∗ 𝑁𝑞𝑁𝐵
0.634, 𝑁𝑞𝑁𝐵 =
𝑞𝑁𝐵𝐷𝑑
𝛼𝑓𝜌𝑔ℎ𝑓𝑔
 
 
The Brooks and Hibiki [14] model also predicts the departure frequencies well for many 
cases, but there is considerable spread, and the pressure dependency is weaker than that 
demonstrated by the data from the current study. The cases at low pressure and high subcooling 
are overpredicted while some high-pressure cases are underpredicted. The model presented in 
Yang et al. [53] is a very simple model correlating departure frequency to wall superheat. This 
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model predicts departure frequency well for atmospheric cases but overpredicts considerably for 
lower-pressure cases. The model proposed by Situ et al. [19], which correlates the departure 
frequency with the heat flux calculated using Chen’s [20] correlation, overpredicts the departure 
frequency in all cases but mirrors the pressure dependency seen in the experimental data.  
 
(a)       (b) 
 
(c)       (d) 
Fig. 14: Evaluation of departure frequency models with experimental data for (a) Basu et al. 
(2005), (b) Brooks and Hibiki (2015), (c) Situ et al. (2004), and (d) Yang et al. (2016). 
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Finally, the evaluation of the selected models’ mean absolute errors for departure frequency 
are shown in Table 6. The Basu et al. [11] model performs well at predicting the departure 
frequency across the range of pressures studied. 
Table 6: Root-Mean-Square Errors of Selected Departure Frequency Models 
Departure frequency model comparisons 
 50 kPa 75 kPa 108 kPa Total 
Brooks and Hibiki [14] 160% 8% 16% 61% 
Yang et al. [53] 2518% 315% 82% 972% 
Basu et al. [18] 34% 28% 47% 36% 
Cole [15] 8057% 2655% 311% 3674% 
Situ et al. [19] 1648% 1588% 906% 1380% 
 
4.2 Critical Heat Flux 
 4.2.1 Existing CHF Models 
The critical heat flux data was compared to existing CHF models found in the literature. 
The models are given in Table 7 and the mean prediction errors of each model are shown in Table 
8. Figure 15 shows the comparisons between the experimental data and the model predictions. To 
the authors’ knowledge, no previous studies have benchmarked these CHF models with 
subatmospheric flow boiling data, therefore the current study represents a novel dataset against 
which the models are benchmarked.  
The Zuber [22] model was originally developed to model CHF in pool boiling conditions, 
therefore it is not dependent on mass flux, and only weakly dependent on inlet subcooling through 
the surface tension. Nevertheless, while the model overpredicts CHF by approximately 64.5%, as 
shown in Figure 15(f), the prediction error is nearly constant with pressure, indicating that this 
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model captures the pressure dependence well. This model uses density ratio to capture the pressure 
dependence. 
Table 7: Selection of CHF Models 
Authors 
 
Model 
Kandlikar [23] 
 
 
 
𝑞"𝐶𝐻𝐹 = 𝐾ℎ𝑓𝑔𝜌𝑔
.5(𝜎Δ𝜌𝑔).25 
𝐾 = (
1 + cos 𝜃)
16
) [
2
𝜋
(1 − √𝜙𝑠)
−0.5 𝑟 + cos 𝜃
1 + cos 𝜃
+
𝜋
4
(1 − √𝜙𝑠)
0.5
(1 + cos 𝜃) cos 𝜙]
0.5
 
Katto & Kurata 
[31] 
 
𝑞"𝐶𝐻𝐹 = 0.186 ∗ (
𝜌𝑔
𝜌𝑙
)
0.559
∗ (
𝜎𝜌𝑙
𝐺2𝑙
)
0.264
∗ 𝐺 ∗ ℎ𝑓𝑔  
Khan et al. [43] 
𝑞"𝐶𝐻𝐹 = 0.031 ∗ (
𝜌𝑔
𝜌𝑙
)
0.559
∗ (
𝜎𝜌𝑙
𝐺2𝑙
)
0.036
∗ 𝐺 ∗ ℎ𝑓𝑔 
Kuo & Peles 
[44] 
𝐵𝑜𝐶𝐻𝐹 = .0037 
Lu et al. [30] 
 
 
 
 
𝑞"𝐶𝐻𝐹
∗ = 0.0054𝐺∗0.69𝑒−
0.0012𝑙
𝐷  
𝑞"𝐶𝐻𝐹
∗ =
𝑞"𝐶𝐻𝐹
ℎ𝑓𝑔√𝐿𝑎𝜌𝑔Δ𝜌𝑔
;   𝐺∗ =
𝐺
√𝐿𝑎𝜌𝑔Δ𝜌𝑔
;    𝐿𝑎 = √
𝜎
Δ𝜌𝑔
 
Zuber [22] 
𝑞"𝐶𝐻𝐹 = .131ℎ𝑓𝑔𝜌𝑔
.5(𝜎Δ𝜌𝑔).25 (
𝜌𝑙
𝜌𝑔 + 𝜌𝑙
)
.5
 
 
The Kandlikar [23] model predicts the CHF values with an RMSE of 17.5%, the lowest 
error of all the models examined in this study. The comparison between the Kandlikar predictions 
and the experimental data is shown in Figure 15(a). This model is based on the pool boiling 
correlations of Kutateladze [21] and Zuber [22] and incorporates the contact angle. The model was 
developed using data obtained at pressure down to one atmosphere and has since been 
benchmarked against subatmospheric pool boiling data of R-113 [24]. The good predictive 
performance of this pool boiling model for the flow boiling data collected in this study reinforces 
the findings of Latsch et al. [41], which determines that low-mass-flux flow CHF is more 
accurately predicted by the Zuber [22] pool boiling model than the Mirshak et al. [25] flow boiling 
model. The Lu et al. model [30] also predicts the observed CHF values well with an average error 
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of 37.0%, as shown in Figure 15(e). This correlation for flow boiling CHF includes the effects of 
pressure, flow rate, and geometry but neglects the influence of inlet subcooling. The model was 
developed using data taken at pressure ranging from 0.11 MPa to 0.75 MPa; however, the test 
section geometry was much thinner, only 2mm in the direction normal to the heated surface.  
Table 8: Root-Mean-Square Error of Selected CHF Models at Each System Pressure 
Authors 20 kPa 40 kPa 108 kPa Total 
Kandlikar [23] 23% 17% 11% 18% 
Lu et al. [30] 34% 35% 41% 37% 
Kutateladze [21] 59% 71% 60% 63% 
Zuber [22] 60% 72% 61% 64% 
Sudo et al. [54] 79% 88% 69% 79% 
Borishanskii [55] 79% 90% 75% 81% 
Chang & Snyder [56] 75% 90% 78% 81% 
Mishima et al. [57] 81% 90% 70% 81% 
Khan et al. [43] 87% 85% 84% 86% 
Katto & Kurata [31] 93% 92% 91% 92% 
TRACE [58] 139% 105% 50% 105% 
Rohsenow & Griffith [59] 122% 126% 97% 116% 
RELAP5 [60] 208% 134% 46% 145% 
Kuo & Peles[44] 207% 149% 66% 152% 
Wallis [61] 152% 167% 141% 154% 
Ivey & Morris [62] 269% 175% 113% 196% 
Mishima & Ishii [26] 275% 234% 181% 233% 
Mirshak et al. [25] 397% 284% 171% 299% 
Jens & Lottes [63] 967% 638% 329% 695% 
Janssen & Levy [64] 962% 698% 403% 725% 
Biasi et al. [65] 1027% 682% 504% 769% 
Bowring [66] 2521% 1938% 1085% 1940% 
Proposed Model 20.0% 16.6% 7.6% 15.6% 
 
Katto and Kurata [31] presents a model for CHF in saturated upward flows on a vertically 
oriented heated surface. Because the authors only investigated saturated cases, their model does 
not incorporate the effects of inlet subcooling of CHF. In the experiments used to develop their 
correlation, the authors submerged a rectangular nozzle and a heated surface within a pool of 
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saturated water at atmospheric pressure and ran water through the nozzle over the heated surface 
at velocities of 1-10 m/s.  
 
(a)            (b) 
 
(c)            (d) 
 
(e)            (f) 
        
Fig 15: Comparisons of CHF model predictions with experimental data for the (a) Kandlikar 
[23], (b) Katto and Kurata [31], (c) Khan et al. [43], (d) Kuo and Peles [44], (e) Lu et al. [30], 
and (f) Zuber [22] models. 
 
This geometry and mass flux differ from those investigated in the current study. Figure 
15(b) shows the comparison between the Katto and Kurata [31] model and the experimental data 
gathered in the current study. This model underpredicts the CHF values for all conditions by a 
mean error of 58.5%. However, the model appears to capture the trend in the data with respect to 
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pressure well as the amount by which the model underpredicts the data is consistent for each 
pressure set. 
Very few models were found in the literature that were developed from data taken at 
subatmospheric pressure. One such model is described by Kuo and Peles [44]. This work studied 
high quality CHF of water in 227-µm hydraulic diameter microchannels under pressures ranging 
from 0.1 to 1 atmospheres. The authors suggest that, for these conditions, the Boiling number, the 
ratio of the heat flux to the heat flux required for complete evaporation of the liquid, is constant 
over the experimental range of density ratios. The Kuo and Peles model predicts the CHF values 
for the lowest mass flux cases reasonably well but drastically overpredicts the CHF for the high 
mass flux cases and does not scale well with mass flux, as shown in Figure 15(d). This finding 
suggests that the Boiling number at CHF is not constant at the conditions investigated in this study, 
which agrees with the previously mentioned observation that the CHF did not vary significantly 
with mass flux at the low flow rates investigated. 
The model presented by Khan et al. [43] was also developed using subatmospheric flow 
boiling. The authors studied CHF on a downward facing surface and developed a model based on 
the functional form of the Katto and Kurata [31] model. This model underpredicts CHF values by 
approximately 85.6%, as shown in Figure 15(c). This discrepancy likely stems from the different 
heated surface orientation. 
 4.2.2 Proposed Correlation 
The data described above are used to develop a novel correlation for CHF.  A dimensionless 
correlation is developed so that the important physical processes that affect CHF can be identified. 
Ideally this model will have as few adjustable parameters as possible. The functional form of the 
Zuber [22] model is chosen as the basis of the correlation because, as Latsch et al. [41] 
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demonstrates, CHF values at subatmospheric pressure are observed to approach this model’s 
predictions in low flow conditions, and because the model serves as a basis for a great deal of later 
work and is foundational as an analytical model of horizontal pool boiling. The Zuber model for 
CHF in horizontal pool boiling is 
 𝑞"𝐶𝐻𝐹 = 𝐾ℎ𝑓𝑔𝜌𝑔
.5(𝜎𝛥𝜌𝑔).25 (
𝜌𝑙
𝜌𝑔+𝜌𝑙
)
.5
.  (10) 
At the pressures investigated in the current study, the density ratio is very small so the final term 
can be neglected. To non-dimensionalize the heat flux, the Boiling number is introduced, resulting 
in, 
 𝐵𝑜𝐶𝐻𝐹 =
𝐾𝜌𝑔
.5
𝐺
(𝜎Δ𝜌𝑔).25 (11) 
As shown in Figure 11(a), system pressure has a strong influence on CHF. To capture this 
dependence, the system pressure is non-dimensionalized as the density ratio. Factoring out the 
density ratio yields 
 𝐵𝑜𝐶𝐻𝐹 = 𝐾𝜌
∗.5 (
𝜌𝑙√𝜎Δ𝜌𝑔
𝐺2
)
.5
. (12) 
The dimensionless group in Equation 12 bears resemblance to the inverse Weber number, a ratio 
of inertial and surface tension forces. The Weber number is defined as 
 𝑊𝑒 =
𝐺2𝑙
𝜎𝜌𝑙
 (13) 
where 𝑙 is the characteristic length. If the dimensionless group in Equation 12 is taken to be the 
inverse Weber number, the characteristic length is defined as 
 𝑙 = √
𝜎
Δ𝜌𝑔
. (14) 
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This expression is the Laplace length, a typical characteristic length for scaling bubble size and 
nucleate departure diameter, as shown earlier. The Laplace length is a reasonable length scale to 
use for scaling the CHF model as CHF is believed to be a localized phenomenon and bubble 
crowding is a commonly-accepted CHF mechanism at low quality [47]. When expressed in terms 
of the density ratio and Weber number, the Zuber model becomes 
 𝐵𝑜𝐶𝐻𝐹 = 𝐾 (
𝜌∗
𝑊𝑒
)
.5
. (15) 
However, this functional form precludes any dependence on mass flux. As shown in Figure 
11(c), such a dependence likely exists. To allow for a mass flux dependence, the functional form 
of the developed correlation is generalized as 
 𝐵𝑜𝐶𝐻𝐹 = 𝐾 (
𝜌∗
𝑊𝑒
)
𝑚
. (16) 
This functional form is similar to those used by Katto and Kurata [31] and Khan et al. [43], which 
both expressed the Boiling number at CHF in terms of density ratio and Weber number. However, 
these models both used the heated length as the length term within the Weber number instead of 
the Laplace length, which may explain why these models under-predicted the CHF measured in 
the current study. Possibly as a result of the use of the heated length instead of the Laplace length, 
these models contain weaker dependencies on the Weber number than were present in the 
experimental data. The Khan et al. [43] model, for instance, has a Weber number dependence of 
0.036, which would indicate that the Weber number has essentially no influence on the Boiling 
number at CHF, contrary to the trends observed in the data shown in Chapter 3. As mentioned 
above, in subcooled flows CHF is a local phenomenon that is not strongly affected by upstream 
conditions. Therefore, the Laplace length, which directly affects bubble departure diameter, should 
affect CHF while the heated length should have a negligible impact.  These models also require 
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three adjustable constants instead of the two required in the present correlation. A least squares 
regression was performed for 𝐾 and 𝑚 in Equation 16. The resulting correlation that minimizes 
the RSME is 
 𝐵𝑜𝐶𝐻𝐹 = 0.0583 (
𝜌∗
𝑊𝑒
)
0.456
. (17) 
A plot comparing the CHF values predicted by this model and the experimental results is 
shown in Figure 16. The RMSE of the model, as shown in Table 8, is 15.62%. The model captures 
the pressure and mass flux dependences well while relying on only two adjustable constants, 
however it does not capture the dependence of inlet subcooling on CHF. Consequently, the model 
overpredicts CHF at low subcoolings and underpredicts CHF at higher subcoolings, therefore this 
model may not be suitable for highly-subcooled flow boiling. A more sophisticated future model 
may include a dimensionless term that scales the inlet subcooling. Geometric considerations, like 
channel size or heated length, may also affect CHF, but these parameters should be considered in 
a separate dimensionless term. 
 
Fig. 16: Comparison of the proposed CHF model predictions with experimental data 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
Experiments were conducted to parametrically study wall nucleation characteristics and 
CHF in subcooled boiling water flows in a vertical channel under varying subatmospheric 
pressures, flow rates, and inlet subcoolings. The results obtained from these experiments widen 
the range of flow conditions for which data on these phenomena are available and allow existing 
models to be benchmarked over a wider range of conditions and dimensionless groups. 
Understanding the mechanics and limitations of boiling heat transfer at low pressures enables use 
of this heat transfer method at temperatures below the atmospheric saturation temperature of the 
coolant. A common application is the use of water to cool electronics. By non-dimensionalizing 
the system pressure as the density ratio, subatmospheric water flows can also model other low-
density-ratio fluids that may be difficult or expensive to study, like alkali metals, which may 
otherwise be desirable working fluids for two phase heat transfer applications. Existing models for 
departure diameter, departure frequency, and CHF are compared to the new data to assess the 
models’ applicability to low-pressure conditions. Qualitative assessments of key differences 
between atmospheric and subatmospheric nucleation and CHF are also performed. The following 
conclusions can be made from analysis of the experimental data: 
• Bubbles formed at 25 kPa grow to a size comparable to the dimensions of the channel and 
interact with the free-stream flow. The departure frequency at this pressure was much lower 
than higher-pressure conditions. 
• The distribution of bubble departure diameters at low pressure is slightly skewed while 
departure diameters under atmospheric pressure follow a more normal distribution. 
• Departure diameters are well predicted by the models developed by Brooks and Hibiki [14] 
and by Prodanovic et al. [13]. Low-pressure cases are slightly overpredicted which, along with 
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the skewed distributions, may be explained by bubble interaction with adjacent nucleation 
sites. 
• The model presented by Basu et al. [18] predicts the departure frequency well for all pressures. 
The model by Brooks and Hibiki [14] predicts most cases well but overpredicts low-pressure 
cases and shows a stronger dependence on pressure than is present in the data.  
• Low-pressure and low-Boiling number conditions exhibited intermittencies in bubble 
formation at the nucleation site under observation that could last several hundred milliseconds. 
• The CHF increases as system pressure increases. This trend mirrors the trends observed at 
higher pressures. Inlet subcooling and mass flux did not have as strong an effect on the CHF 
as observed at higher pressures and mass fluxes. 
• Wall temperature excursions occur more slowly at subatmospheric pressure than at 
atmospheric pressure, consistent with the microlayer-depletion model of Serizawa [48]. 
• The Kandlikar [23] and Lu et al. [30] CHF models predict the CHF the best of the current 
models for the investigated subatmospheric flows.  
• A correlation between Boiling number at CHF and the quotient of density ratio and Weber 
number can accurately predict CHF values across the range of system parameters studied, 
although a residual dependence on liquid subcooling is not fully captured. 
A few technical and procedural issues arose during the completion of this work. Occasional 
flow instabilities likely caused by the reduced condenser effectiveness at low primary-loop 
temperatures hampered the data collection rate and great care had to be taken to ensure stable flow 
during tests. Nucleation and CHF data were not collected while such voids were present however, 
and it is not suspected that the voids significantly impacted the measured departure characteristics.  
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Future work on subatmospheric nucleate boiling should include a study of the effects of 
nucleation site dormancy and channel geometry on departure characteristics. Dormancies that 
persist for much longer than the average bubble wait time may have depressed our measured 
departure frequencies. An understanding of the source of these dormancies is required to 
accurately measure the departure frequency. The narrow geometry of our test section may have 
inhibited larger bubble growth at the lowest pressures. A future study that examines nucleation at 
lower pressures than the current study may require a larger test section to study unconstrained 
growth.  
Future work on subatmospheric CHF could include further model development to 
incorporate subcooling into the proposed model of CHF as the data collected suggest such a 
dependence exists. A future study may also determine a more precise method of identifying the 
CHF for low pressure flows which lack abrupt temperature excursions. A study of nucleation 
characteristics at CHF using high-speed photography may provide insight into a more precise 
method of detecting CHF. Finally, as subatmospheric boiling flows at mass fluxes above 100 
kg/m2s behave in a different manner than low-mass-flux flows [41], a study that investigates CHF 
in subatmospheric boiling flows at higher mass fluxes than the current study would yield valuable 
information on CHF trends in that regime. 
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